Extra scalar fields are common in beyond Standard Model (SM) new physics, and they may mix with the 125 GeV SM-like Higgs boson discovered at the LHC. This fact suggests possible discovery channels for these new scalar fields with their decay modes involving the 125 GeV Higgs boson. In this work, we explore the LHC search potential of the heavy CP-even Higgs boson H in the two-Higgsdoublet model. We focus on the channel of H decaying to a pair of light CP-even Higgs bosons h, with two h's decaying to two b jets and diphoton sequentially. This channel is particularly involved when the relevant cubic coupling is enhanced. We find such enhancement to be possible when taking a large CP-odd Higgs mass input for the two-Higgs-doublet model spectrum. Analogous to the SM Higgs self-coupling measurement, the two b jets plus diphoton final states are of particular interest due to the manageable SM background. After performing a cut-based analysis of both signal and background processes, we demonstrate the LHC search sensitivities for the heavy CP-even Higgs boson in a broad mass range via the two b jets plus diphoton final states.
I. INTRODUCTION
The 125 GeV Higgs boson discovered at the LHC 7⊕8 TeV runs [1, 2] manifests the Higgs mechanism for the electroweak symmetry breaking (EWSB). The current data for different production channels and decay final states point to a very "Standard Model (SM)-like" Higgs boson with higher accuracies of the Higgs couplings to be obtained by the upcoming LHC 14 TeV run and the precision measurements at the ILC and TLEP projects [3, 4] .
Besides the minimal one-doublet setup, it is generally possible to have the Higgs mechanism realized with the extended scalar sector for various motivations. Some typical examples include singlet scalar extensions [5, 6] , a second Higgs-doublet extension [7] [8] [9] [10] [11] (see Ref. [12] for a recent review), and the Higgs-triplet extension [13, 14] , where the EWSB follows the usual SU(2) L × U(1) Y → U(1) em pattern. For models with extended gauge symmetries such as SU(2) × SU(2) × U(1), scalar fields such as Higgs bidoublet and/or Higgs triplets are often necessary for the spontaneous symmetry breaking, e.g., in the left-right symmetric model [15] [16] [17] and the three-site moose model [18] . As a common feature among various extended scalar sectors, at least one extra neutral scalar field exists in their spectra, while other Higgs siblings carrying different quantum numbers indicate their real shapes. Thus the discovery of additional neutral scalar field would indicate the extension to the one-doublet Higgs scenario for the EWSB.
Our discussions here focus on the general two-Higgs-doublet model (2HDM), with the extra neutral scalar field referring to the heavy CP-even Higgs boson H. Comparing to the singlet field extension to the Higgs sector, the 2HDM, per se, is seemingly more complicated in its field contents. However, the singlet scalar fields can only mix with the SM Higgs doublet through the Higgs potential, which typically suppresses its coupling strengths with the SM fermions and gauge bosons. Hence, the searches for a singlet scalar at the LHC are generally challenging. As for the 2HDM, we consider the decay mode of H → hh, with h representing the light CP-even Higgs with mass of 125 GeV. This decay mode arises from the cubic scalar coupling terms in the 2HDM potential, and it may become the most dominant one other than the conventional decay modes of H → (W W , ZZ , tt) in certain mass range and parameter space. Distinct from the minimal supersymmetric SM (MSSM) Higgs sector where the H → hh decay mode can be dominant only in the mass window of 250 GeV M H 2m t , we show the dominance of H → hh mode in a broad mass range of H, especially in the 2HDM-I case. Accordingly, the experimental searches for the H → hh mode may be considered also in addition to the conventional search strategies for H, namely, via the leptonic final states from the H → ZZ → 4 and H → W W → 2 2ν channels.
Assuming the decay modes for the 125 GeV Higgs boson are very SM-like, one would expect the leading signal channels 1 such as bbbb, bbW W and bbτ τ . Searches for these final states were studied for the SM Higgs self-coupling measurements [20] [21] [22] [23] and the beyond Standard Model (BSM) Higgs bosons [24] [25] [26] . Additionally, the CMS Collaboration also carried out an analysis of the discovery potential of the extended Higgs sector with multilepton and photon final states at the LHC 8 TeV run recently [27] . Although such final states are leading considerations because of the large branching ratios, they are typically challenging due to large QCD backgrounds, and a special technique of the Higgs jet substructure analysis [28] is often required. Here, the rare decay channel of bbγγ is our primary interest for the heavy CP-even Higgs searches, in that the relevant SM background is under control. The cut-based analysis of both signal and background processes turns out to be sufficient for these final-state searches. Several previous studies on the SM Higgs boson self-coupling measurements also relied on the final states of bbγγ [29] [30] [31] [32] .
The paper is organized as follows. In Sec. II, we start with a review of the 2HDM, with emphasis on the H → hh → bbγγ signal channel of our interest. Within the general 2HDM, we have the freedom of enhancing the partial width of Γ[H → hh]. On the other hand, the conventional modes of H → ZZ → 4 and H → W W → 2 2ν are likely to be suppressed according to the current global fit to the 2HDM and become unfavorable for the experimental searches. In Sec. III, we perform a cut-based kinematic analysis of the signal process of pp → HX with H → hh → bbγγ. The CP-even Higgs is studied in a broad mass range of M H ∈ (300 , 600) GeV, and the most optimal kinematic cuts for different M H inputs are obtained. Specifically, we probe the LHC search potential of the (α , β) parameter space for the M H = 300 GeV case at the LHC run 2 and the high luminosity (HL) LHC runs.
We also probe the mass reach for the M H ∈ (300 , 600) GeV via the bbγγ final states by restricting the 2HDM parameters in the regions that are consistent with the current global fit results. Finally we make conclusions and prospects in Sec. IV.
II. THE EXOTIC H → hh CHANNEL IN THE 2HDM
In the 2HDM, two complex Higgs doublets Φ 1 ,2 carrying the hypercharge Y = +1 are introduced in the scalar sector. The most generic 2HDM potential is rich in its vacuum structures, while some simplifications are usually taken in practice. For our phenomenological studies below, we require a CP-conserving 2HDM potential. In addition, we assume the soft breaking of a discrete Z 2 symmetry to keep the m 2 12 mass term, under which the Higgs doublets transform as Φ 1 → Φ 1 and Φ 2 → −Φ 2 . The simplified 2HDM potential following these restrictions is expressed as
where all parameters are real. Both Higgs doublets Φ 1 ,2 acquire vacuum expectation values (VEVs)
to trigger the EWSB, with the ratio of two Higgs VEVs to be parametrized as
After the EWSB, one is left with five scalars (h , H , A , H ± ) in the physical spectrum by diagonalizing the mass terms in the potential (1). Two CP-even mass eigenstates (h , H) are the mixtures of the scalar gauge eigenstates (ρ 1 , ρ 2 ):
In the following, the light CP-even Higgs boson h in the 2HDM will be always considered as the one discovered at the LHC with mass of 125 GeV 2 .
To avoid the serious tree-level flavor changing neutral current problem, one often enforces discrete symmetries to arrange the Yukawa couplings between each of the Higgs doublet Φ i and the specific right-handed SM fermions. Our discussions will focus on two setups known as 2HDM-I and 2HDM-II, as listed in Table. I. Using the current data from the LHC 7 ⊕ boson signal strengths within the 2HDM can be found in Refs. [36] [37] [38] [39] [40] . Consistent with the current experimental data, the global fit pointed to the so-called "alignment limit" 4 where
hV V and g hf f → g (SM)
hf f under this limit. In our analysis, we often take the following alignment parameter sets:
and vary t β ∈ (1 , 10). The parameters of Eq. (4) are chosen to be consistent with the 95 % C.L. of the 125 GeV SM-like Higgs boson signal fitting in the 2HDM parameter space (α , β) [39] . We also fix two other input parameters of M A = 600 GeV and λ 5 = −6 subject to the Higgs potential stability constraints, which was checked by the two-Higgs-doublet 2 Throughout this work, we will always consider the light CP-even Higgs boson h to be the unique scalar with mass of 125 GeV in the 2HDM spectrum. The recent proposal of multiple Higgs bosons with degenerate mass [33, 34] is beyond the scope of our analysis here. 3 A large mass input of M H ± is also required by taking the Br[b → sγ] as the constraint, with H ± regarded as the only particles inducing this rare decay mode at the loop level [35] . 4 The limit of c β−α → 0 is also termed as the "decoupling limit" in literatures. Here we use "alignment limit" to highlight that the light CP-even Higgs boson is SM-like with the global fit to its signal strengths. model calculator [41] . The perturbative unitarity and the electroweak precision constraints are not taken into account in our evaluations. These constraints receive contributions not only from the Higgs sector of the 2HDM but also from the BSM new physics contributions. For this reason, such constraints are less necessary for our following phenomenological discussions on the heavy CP-even Higgs.
Next we list the relevant coupling terms for H. The tree-level couplings with the electroweak gauge bosons V = (W , Z) are rescaled from the SM couplings by
The Yukawa couplings for H depend on the model setups, which are generally expressed as
with the dimensionless factors ξ f H presented in Table. II for both 2HDM-I and 2HDM-II. From the general 2HDM potential (1), we obtain a cubic Hhh coupling term:
where we trade the quartic Higgs self-couplings λ 1 ,...,4 into the 2HDM mass parameters for convenience. Around the alignment limit, this coupling of Eq. (7) can be approximately expressed as:
One feature of the general 2HDM is that (M A , λ 5 ) are essentially free parameters. In contrast, this cubic coupling λ Hhh in the MSSM is reduced to
if one takes the tree-level MSSM Higgs mass relations by neglecting the radiative correction term from the squark loops. By this fact, the decay mode of H → hh for the MSSM case is at most attractive in the mass window of 250 GeV M H 2m t . For the larger M H 2m t regions, the decay mode of H → tt is guaranteed to be the most dominant one due to the large top-quark Yukawa coupling. On the other hand, it is likely to have this cubic scalar coupling λ Hhh magnified to a significant amount once one abandons the MSSM Higgs mass relations, as is the case in the general 2HDM.
A. The decay modes of H
A heavy CP-even Higgs decays into the SM final states of H → (ff , W W/ZZ) at the tree level, with the relevant partial decay widths obtained by rescaling from the corresponding SM Higgs cases:
The next-to-leading-order (NLO) QCD corrections for the SM Higgs cases [42] are taken into account. The two-body and three-body partial decay widths of H → hh at the tree-level
. Two other decay modes of H → AZ and H → H ± W ∓ are also possible within the 2HDM. In order to highlight the H → hh decay mode in the mass range of M H ∈ (300 , 600) GeV, both decay modes will be kinematically suppressed with the large mass parameter inputs of M A = 600 GeV and M H ± 600 GeV.
We also include the loop-induced decay modes of H → (gg , γγ) by rescaling from the corresponding SM cases in the following manner:
and A H 1 (τ ) are the well-known form factors for the CP-even Higgs decaying into massless vector bosons through the spin-1/2 and spin-1 loops respectively. Semiquantitatively, the ratio for the most dominant partial decay widths of H can be estimated as follows: Gathering all relevant partial decay widths in Eqs. (10)- (12) With the global fit to the 2HDM parameters, however, the HZ associated production is highly suppressed. Therefore, the direct discovery potential of the heavy CP-even Higgs in the future e + e − collider is challenging. The recent LHC search for H was performed via the τ + τ − final state, which is especially relevant for the large-t β inputs [45] . For the input of t β = 10, the exclusion limit via the H → τ + τ − searches is about M H 400 GeV by naively assuming the mass degeneracy of M H M A in the MSSM spectra. 
where the NLO gluon fusion cross sections for the SM Higgs [42] will be used. The gluon fusion is the dominant production channel for most cases of our discussion; hence, the uncertainties of ∼ 10% in the mass range of M H ∈ (300 , 600) GeV [42] roughly set the uncertainties for the signal evaluations. Likewise, for the b-quark associated production channels, the relevant processes involve (0 , 1 , 2) b-quarks in the final states: We also include these cross sections by rescaling from the corresponding SM cases:
These b-quark associated cross sections [46] [47] [48] are given by including the NLO QCD corrections. Given that ξ d H → t β along with the alignment limit for the 2HDM-II, it is apparent that the corresponding inclusive cross sections associated with b quarks in Eq. (16) would become sizable.
The inclusive production cross sections of H are shown in Fig. 3 for the mass range of M H ∈ (200 , 600) GeV. For the 2HDM-I case, essentially only the gluon fusion process is By the end of this section, we will briefly mention the current experimental searches for H via the conventional H → W W → 2 2ν and H → ZZ → 4 channels. In Fig. 5 , we display the signal predictions of H via these leptonic channels versus the experimental sensitivities compared with the current LHC searches for the large t β cases. Consequently, the alternative mode of H → hh can be considered prior to the conventional (W W , ZZ) final state searches for the heavy-mass H.
III. THE ANALYSIS OF THE H → hh → bbγγ SIGNALS
In this section, we analyze the LHC searches for H via the bbγγ final states, which can be potentially promising for the enhanced cubic scalar coupling λ Hhh cases. The dominant SM background processes include bbγγ and ttγγ, while other contributions from h(→ γγ)Z(→ bb), h(→ γγ)tt, and h(→ bb)h(→ γγ) are negligible [32] . For two leading irreducible background processes, potential contributions from the reducible QCD backgrounds with jets to fake either b jets and/or photons are not negligible. These fake rates for the relevant QCD background processes were considered in earlier studies on the SM Higgs self-coupling probes [29] .
Here we follow the ATLAS detector performance [53] in the photon identification efficiencies:
with q and g representing the quark jet and gluon jet, respectively. The b-jet mistag rates are taken to be
with j representing the light jets, i.e., jets which are neither b tagged or c tagged. For the bbγγ background, the relevant reducible QCD background contributions include ccγγ , jjγγ , bbgγ , ccgγ , jjgγ , bbqγ , ccqγ , jjqγ , bbgg , ccgg , jjgg , bbgq , ccgq , jjgq , bbqq , ccqq , jjqq ; (19) while for the ttγγ background, the relevant reducible background contributions include ttgγ , ttqγ , ttgg , ttgq , ttqq .
All contributions from the reducible QCD background are estimated by the cross section of each process listed in Eqs. (19) and (20), as weighted by the b-jet and photon mis-identification rates of Eqs. (17) and (18) . According to our evaluation, these reducible backgrounds contribute to σ reduc (bbγγ)/σ tot (bbγγ) ≈ 25% and σ reduc (ttγγ)/σ tot (ttγγ) ≈ 4% of the total background cross sections, respectively. By including the uncertainties due to the NLO QCD corrections and the parton distribution functions, we estimated the uncertainties of the background processes to be ∼ 8 %. In the kinematic analysis below, we always assume the same cut efficiencies between the irreducible background processes and the corresponding reducible background processes.
To generate events for the signal processes, we obtain a Universal FeynRules Output [54] simplified model containing H as the only BSM particle. The necessary coupling terms to be implemented include: the cubic Hhh coupling, the dimension-five Hgg and hγγ couplings, and the H(h)bb Yukawa couplings. We generate events at the parton level for both signal and background processes by Madgraph/MadEvent [55] . Afterwards, the results are passed to PYTHIA [56] for simulating the initial-and final-state radiation, parton showering, and hadronization. Eventually, we pass all events to Delphes [57] for the fast detector simulation, where we use the default ATLAS detector card. For the jet clustering, we adopt the anti-k T jet algorithm with the parameter R = 0.6 for the ATLAS detector card. In addition, we take an overall b-tagging efficiency of 70 % for all of the kinematic regions.
A. Optimization of kinematic cuts
To identify the signals from the background, we start with the preliminary cuts by selecting the events with b jets and photons:
These photons and b jets should also satisfy the cuts on their pseudorapidities, the transverse momenta, and the mutual η − φ distances: The most optimal cuts on b p T and b ,γ p T for H in the mass range of M H ∈ (300 , 600) GeV.
To further reduce the ttγγ background [30] , we veto events containing leptons with the transverse momenta of p T , > 20 GeV and the pseudorapidities of |η | < 2.5.
For larger M H inputs, it is generally efficient to select events containing hard b jets and photons. Hence, we impose cuts on the sum of transverse momenta of the selected b jets and photons, which are expected to increase with larger M H inputs. In practice, we scan over the cuts on the p T summations for both heavy Higgs boson signals and the SM background processes in the range of b p T ∈ (50 , 300) GeV and b ,γ p T ∈ (100 , 600) GeV, respectively. Afterwards, the most optimal cuts on b p T and b ,γ p T for each M H input are selected by those yielding the largest S/B. The mass dependence of the most optimal cuts of ( b p T , b ,γ p T ) on the M H inputs are displayed in Fig. 6 .
It is also straightforward to impose the invariant mass cuts on the selected two b jets and two photons around the mass window of 125 GeV light CP-even Higgs [30] : 112.5 GeV < m bb < 137.5 GeV , 120 GeV < m γγ < 130 GeV ,
where the mass resolutions for photons and b jets are taken into account [58, 59] . For events containing more than two b jets, we pair all possible combinations and find the one with m bb mostly close to 125 GeV. After imposing the selection conditions listed above, the invariant mass of m bbγγ should reconstruct the mass window for the particular M H input. In where both irreducible and reducible background processes are taken into account. We impose the cuts of bbγγ selections (21), the optimal p T sum cuts as given in Fig. 6 , the invariant mass cuts of (23) and (24) . The signal reaches are estimated for the integrated luminosity of Ldt = 1000 fb
where we also included the uncertainties of the SM background processes.
With the most optimal kinematic cuts at hand, we impose them sequentially to both signal and background processes. The results are given in Table. III case, where we also took the systematic uncertainties into account. As for the other M H inputs, similar kinematic cuts will be imposed to evaluate the efficiencies for the background suppression.
B. Implications to the LHC searches for H in the general 2HDM
Based on the cut-based analysis before, it is straightforward to further look at the LHC search potential to H via the bbγγ final states. For the LHC discovery, we require the number of signal events after the selection to satisfy S ≥ max{5 √ B , 10}. In Fig. 8 , we present the search sensitivities to the 2HDM (c β−α , β) parameter space for the M H = 300 GeV case.
The search sensitivities are shown for the LHC run with Ldt = 100 fb −1 (two upper panels) and Ldt = 3000 fb −1 (two lower panels). In each plot, the yellow-shaded regions are within reach for the corresponding integrated luminosity case. Altogether, we impose the current global fit to the 2HDM parameters (c β−α , β) from the light CP-even Higgs boson signal strengths by following Ref. [39] with the green and brown bends representing the 68 % Lower left: 2HDM-I for Ldt = 3000 fb −1 . Lower right: 2HDM-II for Ldt = 3000 fb −1 . We show samples with t β = 1 (red), t β = 5 (green), and t β = 10 (blue) for each plot, while the alignment parameter choices of Eq. (4) are followed. The discovery limit (black dashed curve) of max{5
is demonstrated for each sample with the Ldt = 1000 fb −1 and Ldt = 3000 fb −1 cases.
same set of kinematic cuts to the SM background processes following each individual signal sample, we count the number of events left. In Fig. 9 , we demonstrated the mass reach for H via the bbγγ final states with various t β inputs for 2HDM-I and 2HDM-II. It turns out for the 2HDM-I case with the large t β input, the LHC 14 TeV runs with Ldt up to 1000 fb −1 − 3000 fb −1 can almost probe the M H ∈ (300 , 600) GeV range via the bbγγ final states. For the 2HDM-II case with the low-t β input, the mass reach is roughly below 2m t with the full HL LHC runs, in accordance with the decay branching ratios shown in Fig. 2 . space allowed by the current global fit to 125 GeV Higgs signal strengths. We also discussed the mass reaches for H via the bbγγ final states, with the 2HDM parameters restricted along with the alignment limit. Depending on the 2HDM setups on their Yukawa sectors, the mass reach can be up to ∼ 600 GeV for the 2HDM-I with large-t β inputs at the HL LHC runs.
On the other hand, the 2HDM-II case is generally challenging at the high mass region, given the suppression to the H → hh decay modes after the tt threshold.
More generally, the decay mode of H → hh exists in models with an extended Higgs sector in addition to the 2HDM case. Given that the signal strength of 125 GeV Higgs boson is close to the SM predictions with the current data, the future experimental searches for the extra heavy scalars decaying to a pair of SM-like Higgs bosons can be considered in a general sense. For the bbγγ we focused on here, it is straightforward to suppress the SM background contributions by the kinematic cuts we analyzed above. Additionally, the search sensitivities via decay modes such as bbbb, bbW + W − , and bbτ + τ − can be further studied by the sophisticated jet substructure analysis. Combing the searches through various channels, it is likely to probe the extra heavy scalar in extended Higgs sectors at the upcoming LHC 14 TeV runs.
